Considering the generator voltage-class-reduction operation will affect the security and economics of the power systems, this paper proposed a method to analyze the feasibility of the voltageclass-reduction scheme. The paper includes two parts: one analyzes the short-circuit current changes in the scheme, and then the mathematical relationship between the short-circuit current changes in low-voltage side transformer bus and the generator parameters was established; the other part analyzes the economics of the scheme from the point of view of power loss in power line and transformer, and it tries to establish relationship between the power loss and the distance of the unit's outgoing line. From this paper, it can be concluded that the short-circuit current analysis model we proposed is more concise and has similar results compared with traditional simulation software. The paper also points out that there is an economic equilibrium point between economic benefits and the distance of the power line in the generator voltage-class-reduction operation, and within which the scheme is feasible and economical.
NOTATIONS

X d
The subtransient reactance of the generator (unit: ) X T The impedance of 500 kV transformer (unit: ) X L Impedance of 500 kV power line that connects to generator units (unit: ) X L The impedance of 220 kV power line that connects to generator units (unit: ) Z L The equivalent impedance between the 500 kV substation and the 220 kV substation Z T The impedance of the 500 kV transformer I 220 , I 220 , I G 3-phase short-circuits current (unit: A)
The associate editor coordinating the review of this manuscript and approving it for publication was Dongbo Zhao.
I
The changes of the short-circuit current (unit: A) Z 500 The short-circuit impedance I 500
The 3-phase short-circuit of the 500 kV bus U 500 The voltage in 500 kV bus (unit: V) P max The maximum power supply capability of a substation (unit: MW) S T The capacity of single transformer (unit: MVA) N T The number of transformers in a substation P G The active capacity of generator (unit: MW) N G The number of generators λ
Power consumption rate of power plant n
The postponed time for constructing a new substation (unit: years) VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ P The equal-added value of power supply capability of a 500 kV substation (unit: MW) P 1 The power supply capability of a 500 kV substation in first year (unit: MW) α
The annual average growth rate of power load I t
The real-time current (unit: A) R l
The resistance of the power line (unit: ) P t Real-time active power of the line (unit: MW) U e
The voltage of the line (unit: kV) P 0 The transformer's no-load loss (unit: MW) S
The transformer load (unit: MVA) S n The transformer nominal capacity (unit: MVA) P kn The transformer short-circuit loss in the case of rated current (unit: MVA)
I. INTRODUCTION
China has been building large-capacity generator units, which aims to relieve the urban load in recent years. These large units' installed capacity can reach to 600 MW and more, and it usually accesses to 500 kV power grids. The power generated by these units is depressurized by 500 kV transformers and then supplied to 220 kV substations, and it is conducive to maintaining transient stability of power systems and reducing the short-circuit current of the 220 kV system [1] . Due to the national strategy of energy-saving and emissionreduction work, the small-capacity thermal power units (200 MW and below) that were accessed to 220 kV power grid are being gradually shut down and replaced by largecapacity units (600 MW and above). Therefore, the demand for 500 kV transmission capacity continues to grow. At the same time, it is expensive and slow to build a new 500 kV substation because of various reasons, which makes the problem of insufficient power supply capacity in load center areas become more serious. One possible way to alleviate this situation is to make the generator units at the high-voltage terminal access the low-voltage terminal of transformer branch, which is the generator voltage-class-reduction scheme.
The voltage-class-reduction scheme has the advantages of alleviating the shortage of electricity supply and saving investment for building a new 500 kV substation [2] . However, not all of the schemes are worth to implement. It may increase the short-circuit current in the low-voltage side, causing the relay protection device to fail, when the large-capacity units are stepped down and accessed to the low-voltage terminal of transformer branch [3] ; on the other hand, voltage-class-reduction operation may require constructing new power line channels, whether the substation investment saved by the schemes can make up for the cost of power line construction and the loss caused by line loss is also needed to be considered. Therefore, it is worth considering how to quickly analyse the impacts on the short-circuit current and the economic benefits brought by such a novel scheme when carrying out feasibility analyses and screening for the schemes.
At present, most scholars study the generator units independently from the power system, which mainly includes the following two aspects: 1) Control and optimization. Reference [4] presents a novel controller for brushless doubly fed induction generator operated with asymmetrical voltage supplies, it shows a significant performance improvement over the conventional controller, and some scholars have proposed a vector-control scheme for a brushless doubly fed induction generators operating as a variable-speed generator based on simulation [5] . There are some studies that analysed the optimal control of generator units from the perspectives of power and frequency modulation too [6]- [9] ; In addition, some considered the generator unit optimization based on certain special conditions, such as hybrid solar thermoelectric generator units or local model network [10] , [11] . 2) Operation status analysis. Many research analysed the operating status of generator units from the perspective of reliability and safety [12] - [14] . For example, reference [15] established a transfer function model to evaluate the dynamic performance of the wind generator system. The above studies only research the independent generator model, and does not consider the impact of generator changes on the short-circuit current and economic benefits of the power system.
In recent years, some scholars have also studied the effects of generators on the short-circuit current of the grid. There are mainly three aspects: 1) Short-circuit current calculation method [16] ; 2) Method of limiting three-phase short-circuit current [17] ; 3) Short circuit current simulation analysis method [18] , such as PSCAD (Power Systems Computer Aided Design), electromagnetic analysis and so on. In addition, some scholars have also studied the economic benefits of generator operation. Considering the environmental benefits, some researches put forward environmental costbenefit analysis methods [19] , [20] . Meanwhile, several studies also analysed the economic benefits of unit operation based on traditional methods such as Analytic Hierarchy Process and Demand Response [21] - [23] . In summary, there are almost no relevant studies on the influence of the voltageclass-reduction scheme on the short-circuit current variation of the power grid bus, and there is no method to analyse the feasibility of the scheme in economic. With the extension of the generator voltage-class-reduction scheme in China, the impact on the safety of the grid and the economic benefits generated by the scheme should be fully considered.
The remainder of the paper is organized as follows: in section II, the generator voltage-class-reduction scheme was described briefly. In section III, the analysis model of shortcircuit current changing was proposed. The economic benefit model of the voltage-class-reduction operation was detailed in section IV. Case studies were carried out in section V. The conclusions were given in section VI. 
II. COMPREHENSIVE ANALYSIS OF GENERATOR VOLTAGE-CLASS-REDUCTION SCHEME
Generally, there are 2 methods for the large-capacity generator units access to power grid in China. Taking the largecapacity generators that connect to the 500 kV power grid as example, the schematic diagram of the voltage-classreduction scheme is shown in Figure 1 .
1) Direct access: the large-capacity generator units are connected to the grid through the 500kV step-up transformers or substation; In Figure 1 ,
is the subtransient reactance of the generator units; X T is the impedance of a step-up transformer; X L : the impedance of a power line that connects to generator units; 2) Indirect access: the large-capacity generator units are connected to the grid though the 500kV bus and then through the 500 kV substation; Z L is the liaison impedance; Z T is the impedance of the 500 kV transformer. The large-capacity generator units are usually connected to a 500 kV power grid, the power that is generated by large-capacity generator needs to be boosted by the 500 kV transformer and then supply to 220 kV substations. However, the power can be directly supplied to a 220 kV substation in the generator voltage-class-reduction scheme. Therefore, there is not necessary to build a 500 kV substation, and the construction cost for the 500kV substation can be saved.
On the other hand, the short-circuit current of the 220 kV bus might be increased because the large-capacity generator units are accessed to 220 kV substations directly. In addition, the scheme may cost money to build additional power lines. Therefore, the impact of the scheme on the short-circuit current and the economic benefits should be considered comprehensively.
III. THE ANALYSIS MODEL OF SHORT-CIRCUIT CURRENT OF THE VOLTAGE-CLASS-REDUCTION SCHEME
When large-capacity generator units are connected to 220 kV substation, the short-circuit current of the 220 kV bus will be changed from different aspects. The analysis model of the 3-phase short-circuit current in 220 kV bus was established as shown in Figure 2 . In Figure 2 , the ''500 kV generator'' is ready to access to 220 kV power grid.
is the subtransient reactance of the generator units; X T is the impedance of 500 kV transformer; X T is the impedance of 220 kV transformer; X L is impedance of 500 kV power line that connects to generator units; X L is the impedance of 220 kV power line that connects to generator units. Z 3 is the impedance that from the system side to the 500 kV bus; Z 4 is the impedance from the system side to the 220 kV bus; Z L is the equivalent impedance between the 500 kV substation and the 220 kV substation.
According to the superposition principle of circuit, when the 500 kV generator was stepped down and accessed to 220 kV substation, the influence of the scheme on the change of short-circuit current of the 220 kV bus could be analysed in the following 3 aspects:
1) The 3-phase short-circuits current I 220 , which is provided by the 500 kV power grid to the 220 kV bus before the 500 kV generator was accessed to 220 kV substation. 2) The 3-phase short-circuits current I 220 , which is provided by 500 kV power grid to 220 kV bus after the 500 kV generator units had been accessed to 220 kV substation.
3) The increment of short-circuit current I G of the 220 kV bus, which is caused by the schemes. The changes of the short-circuit current ( I ) of the 220 kV bus could be expressed as (1):
The three types of the short-circuit current was analyzed separately as follows.
A. THE SHORT-CIRCUIT CURRENT I 220
In order to calculate the short-circuit current I 220 , we consider the situation when the 500 kV generator is in normal operation (connect to the 500 kV substation) in Figure 2 . Taking the voltage in 500 kV bus expressed as U 500 and the 3-phase short-circuit of the 500 kV bus expressed as I 500 (per unit) in this situation. The short-circuit impedance (Z 500 ) in the side of the 500 kV power grid can be expressed as a formula (2):
According to Figure 2 , if the generator was accessed to 500 kV substation, the short-circuit I 220 of the 220 kV bus, which is provided by the 500 kV power grid, could be expressed as formula (3):
B. THE SHORT-CIRCUIT CURRENT I 220
In order to calculate the short-circuit current I 220 , we assume the 500 kV large-capacity generator units were separated from the side of 500 kV power grid. The analysis model of short-circuit current I 220 is shown in Figure 3 . According to Figure 3 , the short-circuit current in the 220 kV bus was affected by the following three factors:
1) The impedance of 500 kV power grid: Z 500 ;
2) The equivalent impedance: Z L ;
3) The impedance of 500 kV transformer: Z T . If the large-capacity generator units were separated from the side of 500 kV grids, it is equivalent to adding a parallel power line branch on the side of original 500 kV system, where the reactance of power line can be expressed as −Z 1 = −(X d + X T + X L ), the short-circuit impedance of 500 kV power grid was obtained as (4):
X d is expressed as the subtransient reactance of the generator; X T is the reactance of 500 kV transformer; X L is the reactance of the power line.
When the large-capacity generator units were separate from the side of 500 kV grids, the short-circuit current I 220 , which is provided by the 500 kV power grid to the 220 kV bus, could be express as formula (5):
According to (5) , the short-circuit current I 220 had decrease compared to I 220 .
According to formula (3) and formula (5) , the variation of the short-circuit current, which is provided by the 500 kV power grid to the 220 kV bus could be express as formula (6):
C. THE SHORT-CIRCUIT CURRENT I G Before and after the implementation of the scheme, the shortcircuit current of the 220 kV bus that only provided by the 220 kV system remains unchanged. When the large-capacity generator units were connected to 220 kV substation, the short-circuit current that caused by the scheme is considered separately as (7):
S G is expressed by the capacity of large-capacity generator units; X d is the subtransient reactance of the generator; X T is the impedance of step-up transformer; and X L is the impedammnce of power line between generator and 220 kV substation.
D. VERIFICATION OF SHORT-CIRCUIT CURRENT ANALYSIS MODEL
Taking three typical 500 kV generator units as examples to analyze the short-circuit current changes in the voltage-classreduction operation. The wiring diagram of the generator was shown in Figure 1 and the basic parameters were shown in Table 1 . Based on the BPA simulation of power grid in the Hunan province, the 3-phase short-circuit current changing of the 220 kV bus under the three kinds of voltage-class-reduction scheme were calculated. The BPA results are compared with results from the short circuit current changing analysis model as shown in Table 2 . Table 2 indicates that the model can reflect the increasing effects of 3-phase short-circuit current at the low voltage side precisely and simply. In particular, we found that if the 600 MW generator was running in the voltage-classreduction (it was accessed to 220 kV power grid), the 3-phase short-circuit current changes in the 220 kV bus would increase 3∼4 kA.
IV. THE MODEL OF ECONOMIC BENEFITS OF THE VOLTAGE-CLASS-REDUCTION SCHEME
In the generator voltage-class-reduction scheme, the largecapacity generator units can be directly connected to the 220 kV substation without going through the 500 kV substation, and it can decrease the investment for building a new 500 kV substation or enlarging the transformer capacity. On the other hand, the voltage-class-reduction operation will change the power flow distribution of the power grid, which will affect the network loss of the power system. In addition, the voltage-class-reduction scheme may need to cost money to build some power lines. Therefore, the economic analysis of the scheme is a problem worth studying. The economy of the scheme is analyzed from two aspects: the economic benefit and the economic loss.
A. THE ECONOMIC BENEFIT OF THE SCHEME
The power supply capability of substation is calculated as (8) .
P max is expressed as the maximum power supply capability of a substation; S T is the capacity of single transformer; N T is the number of transformers in a substation; P G is the active capacity of generator; N G is the number of generators; λ is power consumption rate of power plant, λ is usually around 0.08 for the 300 MW generator units, and around 0.06 for the 600 MW generator units.
Taking an area as an example to calculate the power supply capability (the power of generator is 1000 MW and the transformer capacity is 1000 MVA in this area). We considered 4 typical power supply patterns, and then calculated the area's power supply capacity, the results were compared in Table 3 .
According Table 3 , the power supply capacity that is provided directly by 4 transformers is 3705 MW, and the power supply capacity that is provided by 2 main transformers and 2 generator units (this situation is similar to the generator voltage-class-reduction operation) is between 3115 MW and 3410 MW. Therefore, it can be concluded that the power supply capacity (in the voltage-class-reduction operation) is almost equal to a normal situation. In short, the voltageclass-reduction operation does not change the power supply capacity compare to the original.
The time for constructing 500 kV substation can be delayed in the scheme, the formula is shown in (9):
n is expressed as the postponed time for constructing a new substation; P is the equal-added value of power supply capability of a 500 kV substation; P 1 is the power supply capability of a 500 kV substation in first year; α is the annual average growth rate of power load, α was taken as 0.06 in this paper according to the practical case in the Hunan province. Investment in the transformer will be saved or delayed by several years because of the generator voltage-classreduction scheme was implemented. In order to reflect the economic benefit which is caused by investment-savings, the investment-savings were converted to corresponding power loss in this paper. The relationship between converted power loss and the postponed time in investment for 500 kV transformer (the capacity is 1000 MVA, cost 70 million RMB) was investigated and shown in Figure 4 .
In the Figure 4 , the investment-savings were converted to corresponding power loss according to 25 years (situation 1), 20 years (situation 2), 15 years (situation 3), 10 years (situation 4) respectively. Figure 4 illustrate that the corresponding power loss is minimal if the 500 kV transformers' investment is postponed for 5 years in situation 1. On the contrary, the corresponding power loss is maximum, if the 500 kV transformers' investment is postponed in situation 4.
B. THE ECONOMIC LOSS OF THE SCHEME
The generator voltage-class-reduction operation can change the distribution of power flow and affect the power loss. The economic loss of the scheme was considered from 2 main aspects: 1) the line loss, which was increased by the running current; 2) the transformer loss, which was changed by the load rate of 500 kV substation.
1) LINE LOSS
The average annual power loss is calculated as (10) according to the historical running data of the power outgoing line:
I t is expressed as a real-time current; R l is the resistance of the power line; P t is a real-time active power of the line; U e is the voltage of the line.
Taking the power plant (600 MW generator) outgoing line which the average working hours is 4000 hours as an example, the power line loss in normal operation and voltageclass-reduction operation was calculated in Table 4 .
According to the data in Table 4 , the comparison of the power line loss in 2 different cases is shown in Figure 5 . Figure 5 indicates that the longer the power plant outgoing line is, the greater power loss. Therefore, the length of the plant outgoing line is a key factor that affects the economic benefit of the voltage-class-reduction operation. In addition, the active loss of the voltage-class-reduction operation is about 5 times than a normal situation. In summary, the longer the power line is, the less the economy of the scheme.
2) TRANSFORMER LOSS
The large-capacity generator voltage-class-reduction scheme will change the load rate of subordinate power grid of 500 kV transformers, therefore, the active loss of 500 kV transformers will be changed.
Transformers' active loss is calculated as (12) :
P 0 is expressed as the transformer's no-load loss; S is the transformer load; S n is the transformer nominal capacity; P kn is the transformer short-circuit loss in the case of rated current.
According to the characteristics of transformers' load, 4 typical substations were selected to study the changes of the active loss before and after the operation of the scheme. The result is shown in Table 5 .
Type A substation: the load ratio of primary side of substation is nearly equal to that of the secondary side of substation; Type B substation: the demand at the secondary side of substation is higher and nearly reaches 50% capacity; Type C substation: the demand at the secondary side of substation is highest and nearly reaches capacity Type D substation: the substation will become type C in the nearly 5 years.
According to the Table 5 , in the case of type A, the voltageclass-reduction scheme will increase the load of the 500 kV transformer from 390 MW to 768 MW, and then the active loss was increased too. However, in the case of type B, the scheme will decrease the load of the transformer and the active loss. In addition, the reduction of the active loss of type C and D is more obvious in the voltage-class-reduction scheme.
In summary, when the generator capacity remains unchanged, the reduction value of transformer active power loss will increase gradually with the increase of the 500 kV main transformer capacity.
3) THE OVERALL LOSS
For the voltage-class-reduction operation, the overall loss mainly includes 2 aspects: the one is the line loss (increase), and the other is the transformer loss (increase or decrease, decided by the type of the substation). Therefore, the overall loss is the sum of the line loss and transformer loss.
Taking the 600 MW generator as an example to calculate its overall loss, the overall loss as shown in Table 4 . The mathematical relationship between overall loss and the line length is shown in Figure 6 .
In the Figure 6 , the maximum power loss is the sum of the line loss and the active loss of type A transformer (Table 4) , and the minimum power loss is the sum of line loss and the active loss of type D transformer ( Table 4 ). The Figure 5 indicates that the power loss increase with the length of power plant outgoing line.
C. THE ECONOMIC EQUILIBRIUM POINT BETWEEN ECONOMIC BENEFIT AND ECONOMIC LOSS
We have analyzed the economic benefit and economic loss in section A and section B. In order to analyze the economic feasibility, we need to consider whether the economic benefits can make up for the economic losses in the scheme. Considering that the length of the power plant outgoing line is a key factor which affects the economic benefits, there is an equilibrium point: If the length of power plant outgoing line exceeds the equilibrium point, the generator voltage-classreduction scheme shouldn't be adopted; If the length of power plant outgoing line less than the equilibrium point, the scheme can be economically feasible. According Figure 4 and Figure 6 , considering that the generator voltage-class-reduction scheme had been implemented for 5 years, and then taking investment-savings (5 years) converted to corresponding power loss according to 25 years, 20 years, 15 years, and 10 years respectively. The length of the power plant outgoing line corresponding to the conversion of investment-savings are calculated as shown in Figure 7 . According to Figure 7 , the maximum length of the power plant's outgoing line can be estimated, which is the economic equilibrium point, as shown in Table 6 . According to the Figure 7 (a) , in the worst case (considering maximum power loss and the investment cost saving is converted to 25 years, in the fifth year), the equilibrium point of the length of the power plant outgoing line is about 4 km; According to the Figure 7 (b) , the equilibrium point of the length of the plant outgoing line is about 42 km under the best conditions (considering minimum power loss and the investment cost saving is converted to 10 years, at the first year). Therefore, 4 km ∼ 42 km is a reasonable length for the voltage-class-reduction scheme to operate in economically.
V. CASE STUDY
Taking the A, B and C schemes in Table 1 as an example, this paper addresses up the practicability of this method in Hunan Province Grids in China. The Scheme A: An 500 kV power line (4×LGJ-400/11.6 km) was lowered to operate in 220 kV; the generator unit A was accessed to the 220 kV bus through this power line.
The Scheme B: An 500 kV power line (6×LGJ-300/32 km) was lowered to operate in 200 kV, and the generator unit B (1×1million kW) was accessed to the 220 kV bus through this power line.
The Scheme C: An 500 kV power line (6×LGJ-300/62.1 km) was lowered to operate in 200 kV, and the generator unit B (2 × 300, 000 kW) was accessed to the 220 kV bus (500 kV substation) through this power line.
According to the methods proposed in sections 3 and 4, the short-circuit current changes, power supply capacity, and the time of delayed in the investment of the different generator voltage-class-reduction schemes were calculated and compared in Table 7 .
The Scheme A: 1) the actual power supply capacity of the 500kV transformer substation will increase by 54.6 × 10 3 kW; 2) The 500 kV main transformer expansion project (investment is 193.30 million RMB) can be postponed for 6 years, which can create a considerable economic benefits; 3) The length of plant outgoing line is shorter (11.6 km), the power loss (from power line and transformers) can be offset by the economic benefits which is generated by delay main transformer investment nearly 6 years.
The Scheme B: 1) the actual power supply capacity of the 500kV transformer substation will increase by 61.1×10 3 kW;
2) The 500 kV main transformer expansion project (investment is 300 million RMB) can be postponed for 6 years; 3) Although the main transformer's investment was delayed for 7 years, however, the added value of power loss is 2.44 MW because of the length of plant outgoing line is longer.
The Scheme C: 1) the actual power supply capacity of the 500kV transformer substation will increase by 55.2×10 3 kW;
2) The 500 kV main transformer expansion project (investment is 115.5 million RMB) can be postponed for 7 years, which can create a considerable economic benefits similarly;
3) The length of plant outgoing line is longer (62.1 km) than scheme B and A, and the length of the power line is more than the equilibrium point, and the power loss (8.94 MW) cannot be offset by the economic benefits that generated by delayed the investment of transformer.
In summary, the scheme A is better than other schemes from an economic and technical point of view. The geographical wiring diagram of scheme A is shown in Figure 8 , where the voltage-class of generator G 2 was reduced and connected to the 220 kV bus of the Yuntian 500 kV transformer substation through the green power line.
VI. CONCLUSION
The main contribution of this paper is to put forward an analysis model of the short-circuit current and economic benefits for the voltage-class-reduction operation. 1) In the shortcircuit current analysis model, the simulation results show that the increase of the short-circuit current at the 220 kV side of the grid is related to the transmission line length of the unit and the three-phase short-circuit current of the bus at the 500 kV side at the initial state. 2) In the economic analysis model, the paper finds a balance point to maintain the generator voltage-class-reduction scheme to run in economical by quantifying and comparing the economic benefit and economic loss. In the future, the social benefits and safety benefits brought by the scheme can also be considered in the model.
